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ABSTRACT: The isothermal fatigue damage and life behaviors of SCS-6/Timetal 21S 
[0/90] s were investigated at 650°C. Strain ratchetting and degradation of the composite’s 
static elastic modulus were carefully monitored as functions of cycles to indicate damage 
progression. Extensive fractographic and metallographic analyses were conducted to 
determine damage/failure mechanisms. Resulting fatigue lives show considerable reductions 
in comparison to [0] reinforced titanium matrix composites subjected to comparable 
conditions. Notable stiffness degradations were found to occur after the first cycle of loading, 
even at relatively low maximum stress levels, where cyclic lives are greater than 25,000 
cycles. This was attributed to the extremely weak fiber/matrix bond which fails under 
relatively low transverse loads. Stiffness degradations incurred on first cycle loadings and 
degradations thereafter were found to increase with increasing maximum stress. 

Environmental effects associated with oxidation of the [90] fiber interfaces clearly played a 
role in the damage mechanisms as fracture surfaces revealed environment assisted matrix 
cracking along the [90] fibers. Metallographic analysis indicated that all observable matrix 
fatigue cracks initiated at the [90] fiber/matrix interfaces. Global de-bonding in the loading 
direction was found along the [90] fibers. No surface initiated cracks were evident and 
minimal if any [0] fiber cracking was visible. 

KEY WORDS: titanium matrix composites; fatigue behavior; damage mechanisms; 
metallographic analyses, stiffness loss 

INTRODUCTION 

Silicon-carbon fiber reinforced titanium matrix composites (TMCs) have received 
considerable attention over recent years for their potential use in advanced high temperature 
airframe and propulsion system applications. The obvious attractions of such materials are 
their increased stiffness and strength/weight ratios at elevated temperatures when compared to 
conventional high temperature alloys. These attractions and potential benefits are clearly 
evident in unidirectional systems with uniaxial loading in the fiber direction. However, they 
become much less evident with the introduction of off-axis fibers and/or the introduction of 
loads not coinciding with a primary fiber direction [ref. 1]. 

It is evident that many of the structural applications for which TMCs are being 
considered will experience a variety of multiaxial loads, thus, establishing requirements of 
load carrying capabilities in more than one direction. Therefore, many composite materials 
will necessarily incorporate multiple fiber orientations, the most obvious of which include the 
[0] and [90] directions. High temperature testing of various TMCs containing [90] fibers has 
revealed that the tensile [refs. 2,3], isothermal [refs. 4-6], and thermomechanical [refs. 7-14] 
fatigue properties are drastically reduced from those exhibited by [0] TMCs. Much of this 
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degradation has been attributed to the weak bond strength at the fiber/matrix (F/M) interface, 
which is often assumed to either fail at extremely low stresses, or be essentially non-existent 
beyond that which is mechanically induced by the internal residual stress state of the 
composite. Thus, some degree of internal damage is immediately introduced with initial 
loading. In addition, environmental degradation effects are clearly exacerbated by the 
exposed [90] fiber ends [refs. 8,12], as oxygen can apparently diffuse easily along the F/M 
interfaces. This condition is likely, for example, in applications where a TMC component 
contains holes for mechanical fastening. Further, initial experimental studies on clad [0] 

TMC coupons (where external titanium cladding completely encases a TMC core with no 
external points of fiber exposure) [7] suggest that many of the environmental concerns 
remain, given the relatively high oxygen diffusivity rates of titanium alloys. 

With the aforementioned complexities and concerns, it essential that the fundamental 
fatigue damage/failure mechanisms in TMCs are carefully characterized to guide the 
theoretical tools being developed to predict their mechanical behaviors under diverse loading 
conditions. To this end, the work presented here was undertaken to characterize the 
deformation, damage progression, and low cycle fatigue behaviors of a [0/90] s TMC under 
idealized uniaxial 650°C isothermal conditions. Particular emphasis was placed on identifying 
the physical damage/failure mechanisms at the microstructural level. This was accomplished 
by combining information gathered from optical and scanning electron microscopy (SEM) 
fractography and metallography on both failed and interrupted specimens. Through this 
information and a detailed description of the macroscopic response, a clear characterization of 
the dominant damage/failure mechanisms and their progressions can be formed. 

MATERIAL AND TEST DETAILS 

The TMC used in this study was SCS-6/Timetal 1 21 S [0/90] s with the fiber orientation 
designation indicating that the external most fibers were in the loading direction (i.e., the [0] 
orientation). SCS-6 is a SiC fiber with a nominal diameter of 140 pm. Timetal 21 S is a 
metastable 6-titanium alloy with a nominal composition of Ti-15Mo-3Nb-3Al-0.2Si (wt. %). 
The TMC panel was fabricated by hot isostatic pressing alternate layers of Timetal 21 S foil 
and SCS-6 fiber mat; TiNb ribbon was used as crossweave material in the fiber mats. The 
composite had a nominal fiber volume ratio of 39% and a nominal thickness of 0.85 mm. 
Coupon test specimens were cut from the panel using abrasive waterjet machining with no 
additional edge preparation. All specimens were subjected to a pre-test heat treatment, 
consisting of an 8 hour soak in vacuum at 621°C, to stabilize the B+a microstructure of the 
Timetal 21S. The coupon specimen design [ref. 15] is a "dogbone" geometry featuring an 
overall length of 15.2 cm, a radius cut of 37 cm, and a central parallel- sided section of 2.6 
cm. This design proved to be very successful at ensuring specimen failures within the 
controlled section. Tabs were attached to the specimen with adhesive for assembly purposes, 
and held in position by high clamping forces during the test 

All fatigue tests were conducted at 650°C in air on a closed-loop, computer-controlled, 
servo-hydraulic test system equipped with water-cooled grips. The load was controlled with a 
zero-tension (i.e., Rq = 0) triangular command waveform cycled with a frequency of l.OxlO' 2 
Hz. Axial strain measurements were made over a centrally located 12.7 mm gage length with 
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a water-cooled extensometer mounted on the edge of the specimen. Radiant heating was 
provided to the specimen through the use of an inductively heated susceptor and intrinsic K- 
type thermocouples enabled temperature monitoring and closed-loop control. The 
thermocouple locations did not exhibit premature cracking and therefore were considered to 
have no influence on the specimen’s fatigue life. Specimen failure is defined as complete 
fracture of the specimen into two pieces. 

RESULTS AND DISCUSSION 

Deformation 

A representative tensile response of SCS-6/Timetal 21S [0/90] s at 650°C is shown in 
Fig. 1. In general, the stress-strain response exhibited an essentially linear portion up to 
approximately 125 MPa, at which point the response became non-linear with a gradually 
decreasing tangential stiffness with increasing load. The ultimate tensile strength and 
mechanical strain to failure were 690 MPa and 0.0095 m/m, respectively. With a thermal 
expansion strain from 25 to 650°C of 0.0044 m/m, the total composite strain at failure was 
0.0139 m/m. Previous room temperature studies on similar TMCs have shown the tensile 
response to exhibit three distinct regions defined by two "knees" in the stress-strain behavior 
[refs. 16,17]. The first was an indication of F/M de-bonding in the [90] plies, and the second 
an indication of matrix plasticity in the [0] plies. 

As-received thermal residual stresses have been estimated in a similar TMC through 
the use of a simple concentric cylinder model [ref. 18]. Results indicated that at relatively 
low temperatures, compressive radial and tensile hoop residual stresses in the titanium matrix 
provide a mechanical clamping force about the fiber. Thus, the position of the first knee in a 
room temperature test is a function of both the mechanical clamping force and the F/M bond 
strength. However, at temperatures above approximately 555°C (- Vi the matrix melting 
temperature), it is assumed that matrix stress relaxation essentially relieves the residual 
stresses, eliminating the mechanical clamping forces. Applying this interpretation to the 
650°C tensile response shown in Fig. 1, the apparent proportional limit at approximately 125 
MPa defines the point at which the physical bond fails at the [90] F/M interface. Beyond this 
composite stress, no distinct point in the curve suggests a specific event in one of the plies or 
constituents. However, it is noteworthy to cite that at this temperature the Timetal 21 S matrix 
material will exhibit inelastic behavior at stresses as low as 20 MPa [ref. 19]. 

A representative fatigue deformation response at 650°C is shown in Fig. 2, where the 
maximum cyclic stress (S m J was 450 MPa. Multiple cycles are shown to illustrate the 
progressive changes in deformation behavior up to two cycles before specimen failure. In 
comparison to subsequent cycles, initial cycles revealed the greatest degrees of inelastic 
behavior, with a "closed" hysteresis response not occurring until approximately cycle 10. 

Also, as revealed in the tensile response, the first cycle exhibited an initial linear portion to 
approximately 125 MPa. One measure of damage progression to note was the overall strain 
ratchetting which occurred prior to failure. This behavior was enabled due to the load- 
controlled conditions of the test. The representative test shown in Fig. 2 experienced an 
accumulated "permanent" strain (at zero load) of 0.0022 m/m prior to failure as indicated by 

. cycle 2314. This strain ratchetting trend increased with increasing applied S m „ as shown in 

Fig. 3 in terms of the maximum cyclic mechanical strain. These maximum strain increases, 
as well as the increases in cyclic strain range, are believed to be chiefly associated with 
matrix creep-relaxation behavior, additional F/M interface damage, and propagation of fatigue 
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cracks from the interfaces, but not a result of [0] fiber breakage (as the metallography will 
show). Note again the relatively low cyclic frequency of l.OxlO' 2 Hz, as this test parameter is 
clearly relevant to the strain ratchetting behavior [ref. 6]. (This frequency was selected to 
enable subsequent comparisons to TMF deformation and damage [ref. 12]). 

As a related issue concerning the deformation response, it is important to point out 
that in the presence of fatigue damage, the macroscopic coefficient of thermal expansion 
(CTE) of this material can change significantly [ref. 20]. Specifically, this cross-ply TMC 
will tend to exhibit a decreasing macroscopic CTE with fatigue damage accumulation [refs. 
12,20]. A quantitative assessment of this effect under thermomechanical conditions revealed 
that this property changed by as much as 25%. Though the degradation of this property has 
not been quantified under 650°C isothermal conditions, it is reasonable to infer that the CTE 
has degraded, given that fatigue damage is clearly present (via many of the same damage 
mechanisms cited under TMF conditions). Further, numerical [ref. 21] and analytical [ref. 22] 
studies have conclusively shown that the macroscopic CTE of a composite laminate will 
degrade with damage (laminate cracking). 

Consequendy, it is erroneous to assume that the initial thermal strain component at 
650°C (0.0044 m/m) remains constant throughout the isothermal test (as is commonly done), 
and thus, the reported mechanical strains, (calculated by subtracting the initial thermal strain 
from the total strain), will contain some degree of error. Note, however, that this will only 
affect the mechanical mean strain values and not the ranges. The only way to quantitatively 
correct the strain data for this effect is to periodically measure the thermal strain response 
during the test and account for it appropriately in the post-test data reduction. This 
measurement would have involved subjecting the specimen to periodic thermal cycling, and 
was therefore rejected, so as not to disturb the isothermal state of the specimen and introduce 
unwanted effects. The note is made here, however, for the sake of accuracy and data 
interpretation of Figs. 2 and 3. 

Stiffness Degradation 

In addition to the cyclic strain ratchetting behavior discussed above, stiffness 
degradation measurements also provide a quantitative means for tracking composite damage. 
Representative degradations of the composite stiffness (E 650 ) during cyclic fatigue at 650 C 
are shown in Fig. 4; four tests with different S m „ values are presented. E 650 values were 
calculated by taking the slope of a least-squared linear regression of the initial 25% of the 
cyclic unloads. As Fig. 4 indicates, the [0/90] s TMC system can experience significant 
stiffness reductions prior to failure. Composite stiffness degradation was found to increase 
with increasing S max ; this concurs with qualitative metallographic observations (discussed 
later) which revealed increased severity of matrix cracking with increased S max . Note the 
extent of stiffness degradation incurred on the first cycle, where E 650 of the specimen with 
= 575 MPa exhibits an immediate 10% drop. First-cycle stiffness degradations such as 
these were not typically observed in comparable isothermal tests on unidirectional [0] TMCs 
[ref. 23], but rather, were distinctly observed in comparable tests on unidirectional [90] TMCs 
[refs. 8] where their drops were specifically associated with various states of F/M de-bonding. 
Further, metallographic evidence from specimens interrupted early in cyclic life reveal de- 
bonding of the [90] fibers, but a lack of [0] fiber cracking. Given this, and discounting 
matrix fatigue cracking at cycle 1, these varying degrees of first cycle stiffness loss are likely 
to be exclusively associated with de-bonding of the [90] ply. 
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Cyclic Life . 

Finally, in terms the macroscopic fatigue behavior, the resulting cyclic fatigue lives at 
650°C are shown in Fig. 5. These and additional data are also given in Table 1. Also shown 
• for comparison in Fig. 5 are the 650°C cyclic lives of the comparable [0] TMC (SCS- 

6/Timetal 21S [0] 4 ) generated by Russ and reported in ref. 24. As stated earlier, the [0/90] 
fatigue lives are significantly reduced from those exhibited by the [0] TMC; this to the extent 
that the [0/90] TMC lives are comparable to the [0] TMC lives at approximately l A the level 
of S m „. The number of cycles to failure (N f ) decreases with increasing cyclic S max , with the 
life trend at relatively high stresses exhibiting a very shallow slope. Here lives are essentially 
controlled by the excessive strain ratchetting rather than, for example, fatigue crack growth in 
the matrix. Note that a change of only 50 MPa, from a S max of 625 to 575 MPa, causes Nf to 
change from 2 to 696 cycles, respectively. This type of high S mai strain ratchetting failure 
occurs in [0] unidirectional TMCs for many of the same matrix load shedding reasons, [refs. 
23,25]; however, unlike the [0] TMC, it will be shown that [0] fiber cracks were not apparent 
in the [0/90] system. Below a S mM of approximately 550 MPa, mechanisms associated with 
fatigue crack growth in the matrix appear to dominate. The datum point with S max = 350 MPa 
represents a specimen which did not fail after 29,000 cycles (33.5 days). 

Fractography and Metallography 

Fractography and metallography were conducted on several specimens taken from 
high, mid, and low cyclic S max conditions investigated in this study. Fracture surfaces from 
all stress levels revealed environment assisted matrix cracking, with the exception of the S mM 
= 625 MPa test (N f = 2 cycles) which revealed pure tensile overload. Oxidation patterns on 
the fracture surfaces such as the one shown in Fig. 6 suggested that the matrix cracks were 
internally initiated at the [90] F/M interfaces and propagated normal to the loading direction 
toward the [0] fibers. The severity of oxidation evident on the failure surface clearly 
increased with increased failure times (decreasing S m „ levels). Based on the extent and 
location of internal oxidation, it was evident that the [90] fibers served as oxygen "conduits" 
enhancing internal environment assisted cracking. The fracture surfaces did not reveal any 
surface initiations. This observation was confirmed through SEM of the specimens’ exterior 
surfaces and metallographic sectioning, as no surface cracking could be identified. 

Metallographic sectioning clearly revealed a single dominant damage mode: 
environment assisted matrix cracking initiated at the [90] F/M interfaces, predominantly 
normal to the loading direction. This is illustrated in Figs. 7(a) and (b), where secondary 
cracks emanating from [90] fibers are viewed looking into the specimen’s thickness. Sections 
taken from regions away from the fracture surfaces indicated that all [90] fibers exhibited 
some degree of F/M de-bonding. Qualitatively speaking, the severity of matrix cracking (with 
respect to size) visible on the various mounts increased with increasing S mM ; however, the 
number of visible cracks did not significantly change with S max level. As also shown in Fig. 
7(a), several specimens exhibited [90] fiber damage; these cracks were most notable under 
mid to high S max conditions. Control sections taken from untested specimens suggest that this 
fiber damage is not a result of the metallographic polishing. Note that these [90] fiber breaks 
► appear as "splits" in this viewing plane; however, sections revealing the longitudinal axis of 

the [90] fibers also reveal breaks transverse to their longitudinal axis. 

Longitudinal sections taken from the [0] plies revealed a consistent absence of [0] 
fiber cracking or de-bonding with one exception; [0] fiber interfaces in contact with the TiNb 
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crossweave ribbon exhibited localized de-bonding and oxidation. This pattern is illustrated in 
Fig. 8a with an un-etched mount, and also in Fig. 8b where the section has been etched with 
a lactic acid based etch to highlight the TiNb crossweave location. Note the correlation of 
the de-bonds with the crossweave ribbon which appears as white semi-circles in this plane. 
Although these localized de-bonds were present in all of the tests, they did not appear to 
promote preferential matrix cracking, except under relatively low stress Gong life) conditions, 
where long term exposures enhanced the degree of localized oxidation, preferentially 
promoting matrix cracking at crossweave locations. This effect is best illustrated in Fig. 9 by 
the S max = 350 MPa test which was interrupted after 33.5 days of testing (29000 cycles). 

Note the preferential damage associated with the highlighted TiNb crossweave locations, 
shown here associated with a [90] fiber ply. 

SUMMARY/CONCLUSIONS 

An experimental investigation was conducted to characterize the deformation, damage, 
and fatigue life of SCS-6/Timetal 21S [0/90] s under isothermal loadings at 650°C. The 
following summarizes the major findings: 

• Initial failure of the [90] fiber/matrix (F/M) interface appeared to occur at 
approximately 125 MPa promoting measurable stiffness degradation. 

• Fatigue degradations of the 650°C static moduli increased with increasing cyclic stress 
and provided a consistent measure of fatigue damage progression. 

• The singular dominant damage was transverse matrix cracking initiated at [90] F/M 
interfaces; de-bonding of the [90] fibers was evident in all cases. 

• Significant environment enhanced degradation was apparent and the exposed [90] 
fibers served to pipe oxygen along the internal F/M interfaces. 

• De-bonding and environmental attack was enhanced at TiNb crossweave locations, but 
appeared to have a negative impact only under long term exposures. 

• Neither surface initiated matrix cracking or [0] fiber cracking were apparent 
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S m » (MPa) 

Ae at !4N f (m/m) 

Initial E 650 (GPa) 

N f (cycles) 

625 

— 

124 

2 

575 

0.00616 

129 

696 

550 

0.00526 

123 

620 

500 

0.00484 

121 

1558 

450 

0.00429 

128 

2316 

400 

0.00384 

127 

6984 

350 

0.00329 

123 

29000 + 


Table 1. Isothermal fatigue and material properties of SCS-6/Timetal 21S [0/90] s at 650 C. 


9 


I 


Stress (MPa) Stress (MPa) 



Strain (m/m) 

Figure 1. Representative tensile response of SCS-6/Timetal 21S [0/90] s 
at 650°C. 



Mechanical Strain (m/m) 

Figure 2. Deformation response of SCS-6/Timetal 21S [0/90] s at 650°C 
with S = 450 MPa. 

max 
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Maximum Mechanical Strain (m/m) 



Figure 3. Maximum mechanical strain values illustrating the strain 
ratchetting behavior of SCS-6/Timetal 21S [0/90] s at 650°C. 



Figure 4. Degradation of the 650°C static modulus during 650°C isothermal 
fatigue of SCS-6/Timetal 21S [0/90] s . 
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Figure 5. Isothermal fatigue life of SCS-6/Timetal 21S [0] 4 (ref. 24) and 
[0/90] s at 650°C. 



S max = 500 MPa, N f = 1,558 200 pm 

Figure 6. Fracture surface illustrating internal cracking with propagation toward 
external [0] fibers. 
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Longitudinal Sections into the Specimen Thickness 
< »■ Loading Direction 



Figure 7. Metallographic sections showing secondary matrix cracks initiated at 
[90] F/M interface locations normal to the loading direction. 
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Longitudinal Section into the Specimen Width 



(a) 


100 pm 



Figure 8. Metallographic sections, (a) un-etched, and (b) etched, of [0] fibers 
illustrating de-bonds and enhanced oxidation at TiNb crossweave locations. 
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Loading Direction 



Longitudinal Section into the Specimen Thickness 
»• Loading Direction 



S max = 350 MPa, N f = 29,000 + 200 pm 

Figure 9. Etched metallographic section illustrating enhanced oxidation and 
matrix cracking at [90] fiber and TiNb crossweave locations. 
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